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A new trap for atoms and small particles based on the interac- 
tion between an atom and the field of counter-propagating light 
pulses that are partially superposed in time has been proposed. A 
substantial difference from the known analogs consists in that the 
atom— field interaction is close to the adiabatic one, which allows 
a considerably higher momentum to be transferred to the atom 
within the same time interval and makes the trap smaller in size. 
It has been shown that, owing to the dependence of the light pres- 
sure force on the atom velocity, the atomic ensemble is cooled at 
its interaction with the field. 



1. Introduction 

Governing the atomic motions by applying light fields 
has already gone beyond the scope of speculations, being 
nowadays an ordinary means in physical experiments [1- 
4] . At the same time, new approaches in this domain are 
proposed. For instance, it was shown [a-Q that the vari- 
ation of the momentum of an atom at its interaction with 
counter-propagating light pulses, which are partially su- 
perposed in time, can considerably exceed the double 
momentum of a photon, which is a fundamental limit of 
momentum transfer in the case where the atom interacts 
with counter-propagating pulses one-by-one [9lll0l| . 

As a rule, an atom in an optical trap permanently in- 
teracts with the field. This can comprise an appreciable 
obstacle in physical experiments, in particular, in laser 
spectroscopy. A possible way out from this situation is to 
organize the interaction between the atom and the field 
in such a manner that the atom would undergone the 
action of laser radiation only within a short time inter- 
val, i.e. to construct light traps on the basis of counter- 



propagating light pulses U-1J|. It is important that, 
in the cited works, the carrier frequencies of counter- 
propagating pulses are identical, and, as a result, the 
force acting on the atom does not exceed 2Hk/T, where 
T is the pulse-repetition period, and hk is the photon 
momentum. 

We suggest to combine the advantages suggested by 
a small perturbation of an atom in the pulse trap with 
a capability to substantially increase the light pressure 
force in the trap owing to the multiphoton interaction. 
This combination forms a basis for the propositions of 
how the momentum transferred to an atom can be made 
well above 2hk (^-Q. With this goal in view, the interac- 
tion between the atom and the field must be adiabatic, 
i.e. the area of light pulses must considerably exceed 
7T. The difference between two schemes of the interac- 
tion between a two-level atom and a field of counter- 
propagating pulses, which are examined in works jHfllH, 
consists in the following: in works the atom inter- 

acts with the field of counter-propagating pulses char- 
acterized by different carrier frequencies, whereas, in 
work [7|, the current carrier frequencies change linearly 
in time. As a result, the directions of the momentum 
transferred to the atom during its interaction with the 
field turn out different. In the former case, the direc- 
tion of a variation of the atom momentum is "counter- 
intuitive", i.e. the momentum changes in the direction 
of the momentum of the light pulse, which is the sec- 
ond that interacts with the atom. In the latter case, it 
coincides with the direction of propagation of the pulse, 
which is the first that interacts with the atom. In Sec- 
tion 3, it is demonstrated that, owing to this difference, 
the light pulses form a potential barrier for atoms in the 
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Fig. 1. Diagram of the interaction between an atom and light 
pulses with the carrier frequencies uji and u)2- The energy differ- 
ence between the ground and excited states equals tkoo 

former case and a potential well in the latter one. In 
Section 4, in order to determine whether those barrier 
and well can be used to form an optical trap, we ana- 
lyze the dependence of the force that acts on the atom 
in the field of a pulse sequence on the atom velocity 
and show that the force in the potential well acts op- 
positely to the atom velocity and decelerates the atom 
in the trap. However, in the case of light barrier, the 
direction of the force acting on the atom depends on 
the sign of the difference between the frequencies of the 
first and second light pulses. As a result, the trap can 
be constructed in the bichromatic field of pulses as well, 
provided that the barriers are spatially located not far 
from each other. 

The proposed optical trap can also be applied to hold 
small particles containing atoms with narrow spectral 
lines associated with the transition from the ground into 
the excited state. The parameters of such a trap are 
evaluated in Section 5. Short conclusions are made in 
Section 6. 



2. Basic Equations 

Consider a two-level atom with ground state |1), excited 
state 1 2), and the frequency of the transition between 
them ujq. The atom interacts with the field 

E(t) = £i(£)ecos[wi£ - k x z + <fi(t)} + 



+E 2 (t)ecos[uj2t - k 2 z + <^ 2 (t)] 



(1) 



created by a sequence of counter-propagating pulses 
(see Fig. 1). Here, wx 2 are the carrier frequencies of 



pulses; 1^1.2 (i) the corresponding phases, which are, gen- 
erally speaking, dependent on time; -£?i i2 (i) the pulse en- 
velopes; and e the unit vector of the pulse electric field 
polarization. To make the notation simpler, the argu- 
ment will not be indicated below for the fields and the 
phases, as well as for the density matrix elements. 

The interaction between the atom and the filed is de- 
scribed in the dipole approximation. The Hamiltonian 
of this interaction looks like 



H = fejD|2)<2| - d 12 |l)(2|E(t) - d 2 i|2)(l|E(i), 



(2) 



where di 2 and d 2 i are the matrix elements of the atomic 
dipole moment d. Without any loss of generality [l5| . 
we may assume that di 2 e = d 2 ie. 

The equations for the occupation inversion w — Q22 — 
Qn and for the coherence gi 2 , where g nm is the density 
matrix of the atom, look as follows in the rotating-wave 
approximation [l5| : 

w = 2Img u (n ie ^-«pi-^5t + 



012 



+ n 2 e ikz+ilfi2 ~i lSt ) w+(iA- -7 



012, 



(3) 



where 7 is the inverse lifetime of the atom in the excited 
state, Hi = —di2Ei/h, SI2 = — di 2 i? 2 /ft, 



5 = uii — UJ2, A = ujq - - (uii + cj 2 ) 



(4) 



Here, we selected the normalizing condition in the form 
0ii + 22 = 1 and assume k\ — fc 2 = k = loq/c. 

We consider the interaction between an atom and a 
field created by two sequences of counter-propagating 
light pulses with the repetition period T. One of the 
sequences repeats the other with a definite time delay td 
at the atom location point: 



^i,2 = ^0/(^1,2), 



(5) 



where the function f(rf) describes the shape of a pulse 
envelope and has the maximum value /(0) = 1, 



771,2 = (2t T t d )/2T, 



(G) 
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td is the difference between the arrival times of the max- 
ima of pulses propagating in the negative and positive 
directions along the z-axis at the point, where the atom 
is located, and r is the pulse duration. 

While simulating the atom-field interaction, pulses of 
the Gaussian- like shape are used, as a rule ^ 
is known [8|,ll9| that the function cos"(7rf/r) with the 
growing even power exponent n tends to exp(— t 2 /Tg), 
where r g = r\/2/ (ny/n), within the interval \t\ < r/2. 
For the numerical simulation, we selected the function 
f(rj) in the form 



m = 



cos 4 (tt?7), \t}\ < 1/2 
0, M > 1/2 



(7) 



In a vicinity of every pulse, this function is close to the 
Gaussian one 




Fig. 2. Comparison between the function fix) describing the en- 
velope of light pulses (solid curve) and the most approximating 
Gaussian function (dashed curve) 



f G (r)) = exp(-27rV 



(8) 



in the interval, where its value is not small (see Fig. 2). 
In comparison with the Gaussian function ([5]). function 
([7f selected by us for the pulse simulation is, on the one 
hand, more convenient for numerical calculations, be- 
cause the Gaussian function has to be artificially cut off 
at certain limits, and, on the other hand, it corresponds 
to real pulse envelopes confined in time. 

The area of a pulse, the envelope of which is described 
by function (JTJ), equals |f2o T j amounting to approxi- 
mately 0.94 times the area of the Gaussian pulse close 
to it. 

The pulse phases depend quadratically on the 
time. 



2? 



(12) 



When the atom moves along the z-axis with the velocity 
v, its coordinate changes together with the force acting 
on the atom. Within the wavelength interval, the atom 
velocity is almost constant. Therefore, in order to cal- 
culate the variation of the atom momentum in time, we 
use the light pressure force averaged over the wavelength 
A = 27rc/wo, as it was done when calculating the light 
pressure on atoms in a bichromatic field, 



F 



1 



z+A 



T{z')dz'. 



(13) 



fl,2 = 2*11,2, 



(9) 



so that the current frequency of each pulse changes lin- 
early in time, 



^1,2 = Wi,2 + </?l,2 



1 



(10) 



3. "Heavy" Atom. Light Pressure Force and 
Potential Energy 

For an atom moving along the z-axis with the velocity 
v, the detuning S of carrier frequencies of light pulses in 
time in the atom reference frame changes according to 
the law 



The expression for the light pressure force acting on 
the atom [l^ j. 

<9E 

.F = 2— Ree 12 d 21 exp(i(w - A)<), (11) 
oz 

after its averaging over the period of oscillations with 
the frequency uj for field ([1) takes the form 

T = hklmgx 2 (n ie ^-¥^fi(t) _ 



5 = S - 2k / v(t')dt' 



(14) 



where So is the initial detuning. 

Let us consider firstly the force of the light pressure on 
an atom in the "heavy"-atom approximation, when the 
variation of the detuning of light pulse carrier frequencies 
from the transition frequency luo during the atom motion 
weakly affects the magnitude of light pressure force that 
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Fig. 3. Dependences of the light pressure force acting on the atom 
in the field of counter-propagating pulses on the Rabi frequency 
reckoned in 5-units obtained by numerically solving Eqs. (0 to- 
gether with Eqs. 11121 and 1131 1. The calculation parameters are 
T = IOOt, = 0, A = 0, t d = 0.25-r, -yT = 0.5, and St = 300 
(solid curve) and 600 (dashed curve). The force was averaged after 
the transient processes had terminated (t > 10T) 



acts on the atom. It is true, for instance, when the 
second term in formula (j!4[) is small in comparison with 
the first one. However, if we consider the pulses with 
current frequencies vj\^ that vary in time, the role of So 
is played by the difference vd\ — W2 1 and this quantity 
must substantially exceed kv during the most part of the 
interaction time between the atom and the field. 

In Fig. 3, an example of the dependence of the light 
pressure force acting on the atom on the Rabi frequency 
of light pulses is shown for the case of chirp-free light 
pulses ((3 = 0). In contrast to what was done in works 
we calculate the force acting on an atom during 
a long (t ^ I/7) time of the interaction between the 
atom and the field, rather than the average transferred 
momentum. Moreover, while calculating the force acting 
on the atom, we used equations for the density matrix, 
which allowed us, unlike the case with the Schrodinger 
equation, to analyze the closed scheme of the interaction 
between the atom and the field, when the atom, owing 
to the spontaneous radiation emission, transits from the 
excited state in the ground one. 

As is seen from Fig. 3, the dependence of the light 
pressure force acting on the atom on the Rabi fre- 
quency in the bichromatic field of counter-propagating 
light pulses resembles stairs, with the latter being ob- 
served more pronounced on the (dotted) curve that cor- 
responds to a larger area of light pulses. The altitude 
of every stair is close to an even number in terms of 
fifc/T-units. Note that the quantity 2Hk/T is the max- 
imum force of the light pressure on the atom, which 



can be obtained in the field of light pulses, which al- 
ternatively interact with the atom. Really, when the 
atom absorbs a photon from a light pulse, its momen- 
tum can change to that of the photon, hk, and when 
it interacts with the counter-propagating light pulse, its 
momentum can change again by hk in the same direc- 
tion. 

The behavior of the dependence shown in Fig. 3 orig- 
inates from the adiabaticity of the interaction between 
the atom and the bichromatic field [5,.8|. In such a field, 
the atom is characterized by a spectrum of quasi-energies 
[22| with the period M, which corresponds to the mo- 
mentum change by 2hk. When the atom adiabatically 
interacts with the field, it occupies one of its character- 
istic states, and the Landau-Zener transitions into other 
states with close quasi-energy values become probable. 
As a result, the momentum of the atom during its inter- 
action with a pair of pulses changes by a value multiple 
of 2hk. The coefficient of multiplicity is close to Flo/ 8 
(for more details, see works 

If the atom moves along the z-axis, the delay td be- 
tween pulses changes in the reference frame connected 
with the atom. For instance, if the atom is located at a 
point, at which light pulses arrive simultaneously (let it 
be selected for the coordinate origin), td = 0. It is easy 
to see that, for the atom with the coordinate z, the time 
delay td at this point between the arrivals of pulses that 
propagate in the positive and negative directions of the 
z-axis is equal to 2z / c. 

Figure 4, a illustrates an example of the dependence 
of the force that acts on the atom on the atom coor- 
dinate obtained for the case of a field with constant 
current frequencies ((3 — 0). One can see that the 
light pressure force vanishes in the region, where light 
pulses alternatively interact with the atom. This cir- 
cumstance is associated with the fact that, owing to 
a large area of pulses and a large detuning of light 
pulse carrier frequencies from the resonance one, i.e. 
\uji — ojo\ = \cj2 — wo I = 8/2 ^> 1/t, the atom is per- 
manently in one of its adiabatic states. As a result, the 
coherent population return takes place [23]; the atom 
states at the beginning and the end of the interaction 
of the atom with the field coincide; therefore, the atom 
momentum does not change, if the atom interacts with a 
single light pulse, so that the light pressure force equals 
zero. 

In Fig. 4,&, the coordinate dependence of the atomic 
potential energy U determined by the equation 



F = — 



dU 
dz 



(15) 
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Fig. 4. Dependences of the light pressure force acting on the atom 
in the field of counter-propagating pulses (a) and the atom poten- 
tial energy on the atom coordinate (b) determined by numerically 
solving Eqs. J3} together with Eqs. 1121 1 and 11131 . The calculation 
parameters are T = lOOr, /3 = 0, A = 0, 7T = 0.5, St = 300, and 
Q,0T = 1000. The force was averaged after the transient processes 
had terminated (t > 10T) 
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Fig. 5. Dependences of the light pressure force acting on the atom 
in the field of counter-propagating pulses (a) and the atom poten- 
tial energy on the atom coordinate (6) determined by numerically 
solving Eqs. ||3} together with Eqs. 1121 1 and 1131 1. The calculation 
parameters are T = lOOr, /3 = 200, A = 0, 7T = 0.5, U r = 1000, 
and St = (solid curve), —2 (dashed curve), and 2 (dotted curve). 
The force was averaged after the transient processes had termi- 
nated (t > 10T) 



is depicted. The reference mark for the potential en- 
ergy was so selected that it equals zero beyond the 
pulse superposition region. As one can see, the counter- 
propagating light pulses form a potential barrier for 
atoms. 

In Fig. 5, a, an example of the coordinate dependence 
of the force acting on the atom is shown for the case of 
a field with current frequencies linearly varying in time 
(0 = 200). In contrast to Fig. 4, a, the light pressure 
force differs from zero, being close to 2Kk/T, in the re- 
gion, where light pulses interact, in turn, with the atom. 
This circumstance is associated with an adiabatically 
quick passage of the resonance pj| , when either of light 
pulses interacts with the atom, which results in that the 
atom transits from the ground state into the excited one, 
which is accompanied by the absorption of a photon and 
a momentum change by hk. When the atom interacts 



with the counter-propagating pulse, the induced photon 
emission takes place, and the atom changes its momen- 
tum by another hk in the same direction flol |. 

In Fig. 4,6, the coordinate dependence of the atomic 
potential energy is depicted for a field with current fre- 
quencies that vary linearly in time. In contrast to the 
interaction between the atom and the field created by 
counter-propagating pulses with fixed current frequen- 
cies, the potential well for the atom is formed in this 
case. 

Hence, the field created by counter-propagating light 
pulses with fixed frequencies or frequencies that linearly 
vary in time allows potential barriers or potential wells to 
be created in the space, which can be used to control the 
motion of atoms or nanoparticles containing atoms with 
a narrow absorption line or to localize them in a definite 
space region. For instance, the potential well can be used 
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Fig. 6. Phase trajectories of an atom in the field of sequences of 
counter-propagating pulses. The calculation parameters are T = 
lOOr, = 0, A = 0, 7T = 0.5, St = 300, Q t = 1000, a = 
10 — 6 , and /i = 1 (solid curves) and (dashed curves). The force 
was averaged after the transient processes had terminated (t > 
10T). The left-hand side of the figure corresponds to the initial 
momentum p; n j = lOOlik and the right-hand side to p; n ; = — lOOfifc 

directly to hold atoms in a small spatial region. At the 
same time, two potential barriers, which are simple to be 
created with the use of two pairs of counter-propagating 
pulse sequences, can be used to form an optical trap 
between them. 

While creating traps, the important issue is the depen- 
dence of the light pressure force on the atom velocity. It 
can result in a growth of the atom energy followed by 
a probable escape of the atom beyond the trap bound- 
aries, as well as in its reduction, which corresponds to a 
stable atom localization in the trap. 

4. Optical Trap Formed by Sequences of 
Counter-Propagating Pulses 

In the course of long-term interaction between the atom 
and the field, the velocity of the former changes. Simul- 
taneously, according to Eq. (fT4"|) , the difference between 
the carrier frequencies of light pulses that act on the 
atom also changes in the atom reference frame. Let us 
consider firstly light pulses with a fixed carrier frequency 
(/3 = 0). Let Sq > and v > 0. Then, if v grows, 5 de- 
creases, and Q,o /S increases. At the same time, one can 
see from Fig. 2 that, in general, the light pressure force 
that acts on the atom grows with Oq/5. Hence, if v is 
positive and grows, the force acting on the atom also 
grows. However, if v < and \v\ grows, similar specu- 
lations bring us to a conclusion that the light pressure 
force decreases. 

Let the atom move along the z-axis toward the barrier 
created by the sequences of counter-propagating pulses. 



Let a pulse with a higher carrier frequency (i.e. S > 0) 
act on it first. When having achieved the barrier, the 
atom is decelerated by the light pressure force, and its ve- 
locity diminishes. After the atom having been reflected 
from the barrier, the atom velocity grows. However, 
since it is directed oppositely, the light pressure force, 
according to the reasoning given above, is less than that 
when the atom moves toward the barrier. Therefore, 
the atom, after having been reflected from the barrier 
located at larger z's, flies away from it with a velocity 
lower than the initial one, if S > 0. However, if the atom 
collides with the barrier when moving to the negative di- 
rection along the z-axis, then, according to similar spec- 
ulations, its velocity after the reflection from the barrier 
will exceed the initial one. In Fig. 6, the phase trajec- 
tories of the atom are shown for both cases of motion, 
namely, with the initial velocity directed in the positive 
(the right part of the figure) and negative (the left part 
of the figure) directions of the z-axis. The trajectories 
(solid curves) illustrate an increase or a reduction of the 
atom velocity, when the atom is reflected from the bar- 
rier, depending on the direction of its initial velocity. 
The dotted curve denotes the phase trajectory obtained 
in the approximation of a very heavy atom, i.e. when 
kv «S Sq. 

While calculating the atom momentum change, we ne- 
glected the influence of a variation of the atom velocity 
on the light pressure force in the course of interaction be- 
tween the atom and the field created by a pair of pulses. 
The change of the atom momentum was calculated as 
follows. First we calculated the variation of the atom 
momentum, 



tfin 



Ap 



Fdt, 



(16) 



tin! 



where t- m i and tfi n are the initial and final times of the in- 
teraction between the atom and the field of a pulse pair. 
Then, we calculated the variation of the atom velocity, 



Av = — — , 

M 



(17) 



where M is the atom mass. The obtained v-value 
and the corresponding 5-value calculated according to 
Eq. (TT4")) were used to repeat the calculation procedure 
for the next pair of pulses. For illustrative calcula- 
tion, we selected the overestimated values of parameters 
fi = hk 2 r/M and a = hk/cM, which govern the de- 
pendence of the dimensionless detuning St on the atom 
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momentum in fiA'-units, 



200 



S t - [l 



(-) 

\hk) 



(18) 



and the dependence of the dimensionless coordinate 
Az/ct on the dimensionless time At/r, 



Az 

err 



(P 



At 



(19) 



respectively. 

By selecting the difference between the frequencies of 
light pulses in such a way that the velocity of an atom 
after its interaction with the barrier formed by those 
pulses would decrease and placing two barriers beside 
each other, it is possible to obtain a one-dimensional 
trap for atoms. 

Now, let us analyze a possibility of creating a trap 
on the basis of counter-propagating pulses with vary- 
ing current frequencies. In Fig. 5, a, the dependences 
of the force on the atom coordinate are plotted for S's, 
which are identical by absolute value, but different by 
sign. The positive (negative) sign of 5 at 5o = cor- 
responds, according to Eq. (fT4|) . to the motion of the 
atom in the negative (positive) direction of the z-axis. 
It is easy to see that the light pressure force is less, when 
the atom moves away from the coordinate origin than 
when it moves in the opposite direction. Therefore, one 
may expect a stable holding of the atom by the field of 
counter-propagating pulses with varying frequencies. 

Figure 7 illustrates the motion of an atom in a trap 
created by counter-propagating sequences of light pulses 
with frequencies varying in time. One can see that, ow- 
ing to the Doppler shift of carrier frequencies for light 
pulses in the atom reference frame, the atom becomes ul- 
timately localized at the trap center. It should be noted 
that this fact does not mean that all atoms will gather at 
the center, because the applied model of classical motion 
of an atom in the light field does not take the momentum 
diffusion into account In order to evaluate the lo- 
calization region, which constitutes a subject of our sub- 
sequent researches, the quantum-mechanical description 
of the motion of atoms should be applied. 

Unlike the light trap formed by sequences of counter- 
propagating 7r-pulses or pulses with a small area llHl4j. 



the light pressure force in the region, where pulses are 
spatially superposed, does not diminish, but grows. As 
a result, the potential well in this region becomes much 
deeper. 

Depending on the way used to create a trap, i.e. 
whether pulses with a fixed frequency or a current fre- 
quency that varies in time are applied, the pulse inten- 




Fig. 7. Phase trajectories of an atom in the field of sequences of 
counter-propagating pulses. The calculation parameters are T = 
100r, /3 = 200, A = 0, 7T = 0.5, S = 300, U t = 1000, a = 10" 6 , 
and fi = 0.01 (dashed curve) and (solid curve). The force was 
averaged after the transient processes had terminated (t > 10T). 
The initial coordinate z; n ; = 0.2ct is denoted by a gray ring on 
the right 

sity can differ considerably. In work Q, the intensi- 
ties required to transfer the same momentum to a he- 
lium or rubidium atom in the cases where the nanosec- 
ond pulses acting on the atom have either a fixed car- 
rier frequency or a current carrier frequency that varies 
in time, were compared. According to the estimations 
given in that work, the required intensity amounts to 
about 1 MW/cm 2 in the former and to a few kW/cm 2 
in the latter case. 



5. Traps for Nanoparticles 

The optical trap proposed for atoms can also be used for 
capturing and holding nanoparticles. For this purpose, 
the particles must contain "active" atoms with narrow 
absorption lines, and the concentration of such atoms in 
the particles must be sufficiently high. Let us evaluate 
the minimum required concentration of "active" atoms 
in a nanoparticle. The evident requirement for the hold- 
ing and manipulation of a nanoparticle to be possible is 
a substantial predominance of the light pressure force, 
F. over the gravitation one, Mg. Let us evaluate the 
light pressure force on an atom. In the region of spa- 
tial pulse superposition, it is of the order of lOhk/T. 
For the wavelength A ~ 600 nm, the pulse repetition fre- 
quency T -1 R3 100 MHz, and an atom with M « 50 amu, 
we obtain F/mg sa 10 6 . Hence, even if the concentra- 
tion of "active" atoms in nanoparticles exceeds 0.001%, 
the nanoparticles can be held in optical traps formed by 
counter-propagating light pulses with a large area. 
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6. Conclusions 

We have proposed optical traps, which are based on the 
adiabatic interaction between atoms, including atoms 
in nanoparticles, and sequences of counter-propagating 
light pulses with a large area. In comparison with traps 
on the basis of 7r-pulses and pulses with a small area, 
the new traps are characterized by a larger light pres- 
sure force in the region of spatial pulse superposition, 
which allows atoms and nanoparticles to be localized in a 
smaller volume. In addition, owing to the dependence of 
the light pressure force in those traps on the atom veloc- 
ity, the energy of atoms in the trap decreases. However, 
the issue concerning the maximum cooling of atoms in 
the traps remains opened, because the classical descrip- 
tion of the motion of an atom in the trap, which was 
used in this work, is not enough for its study. 

The work was executed in the framework of the State 
goal-oriented scientific and engineering program "Nan- 
otechnologies and Nanomaterials (2010-2014)" (themes 

I. 1.4.13 and 3.5.1.24). 
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YTPHMAHH5I ATOMIB I MAJ1HX HACTHHOK 
OIITHHHOIO I1ACTKOK), COOPMOBAHOK) 
nOCJII/lOBHOCTJIMH 3YCTPIHHHX 
CBITJIOBHX iMnyjlbCIB BEJlHKOI 

njiomi 

B.I. PoMcmeHKO, JI.IJ. Hv,eHKO 
P e 3 K) m e 

3anponoHOBaHO HOBy nacTKy fljia aTOMiB i Majinx mucthhok, b 
ocHOBi hkoi — B3aeMOfliH aTOMa 3 nojieM 3ycTpiMHnx iivinyjibciB, 
rnp nacTKOBO HaKjiajxaiOTBCH y naci. CyTTeBOio BiflMmmcTio Biji 
BiflOMHx aHajioriB e 6jiH3BKa jsp ajxia6aTHHHo'i B3aeMOjxisi aTOMa 3 
nojieM, m,o fl03BOjiHe npoTsroM toto *c nacy B3aeMOjxi'i nepe^ara 
aTOMy 3HanHO 6ijiBniHii iinnyjiBC i 3MeHmiiTii po3Mip nacTKH. IIo- 

Ka3aHO, LU,0 38,BflSKH 3ajie>KHOCTi CBiTJIOBOrO THCKy Bifl LEIBHiXKOCTi 

niji Mac B3aeMOflii' 3 nojieM BijroyBaeTBCH oxojio^,>KeHH5i aHcaM6jno 
aTOiniB. 
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